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ABSTRACT The mumps virus (MuV) fusion protein (F) plays a crucial role for the
entry process and spread of infection by mediating fusion between viral and cellular
membranes as well as between infected and neighboring cells, respectively. The fu-
sogenicity of MuV differs depending on the strain and might correlate with the viru-
lence; however, it is unclear which mechanisms contribute to the differentiated fusoge-
nicity. The cleavage motif of MuV F is highly conserved among all strains, except the
amino acid residue at position 8 (P8) that shows a certain variability with a total of four
amino acid variants (leucine [L], proline [P], serine [S], and threonine [T]). We demon-
strate that P8 affects the proteolytic processing and the fusogenicity of MuV F. The pres-
ence of L or S at P8 resulted in a slower proteolysis of MuV F by furin and a reduced
ability to mediate cell-cell fusion. However, virus-cell fusion was more efficient for F pro-
teins harboring L or S at P8, suggesting that P8 contributes to the mechanism of viral
spread: P and T enable a rapid spread of infection by cell-to-cell fusion, whereas viruses
harboring L or S at P8 spread preferentially by the release of infectious viral particles.
Our study provides novel insights into the fusogenicity of MuV and its influence on the
mechanisms of virus spread within infected tissues. Assuming a correlation between
MuV fusogenicity and virulence, sequence information on the amino acid residue at P8
might be helpful to estimate the virulence of circulating and emerging strains.

IMPORTANCE Mumps virus (MuV) is the causative agent of the highly infectious dis-
ease mumps. Mumps is mainly associated with mild symptoms, but severe complica-
tions such as encephalitis, meningitis, or orchitis can also occur. There is evidence
that the virulence of different MuV strains and variants might correlate with the ability
of the fusion protein (F) to mediate cell-to-cell fusion. However, the relation between vir-
ulence and fusogenicity or the mechanisms responsible for the varied fusogenicity of
different MuV strains are incompletely understood. Here, we focused on the amino acid
residue at position 8 (P8) of the proteolytic cleavage site of MuV F, because this amino
acid residue shows a striking variability depending on the genotype of MuV. The P8 resi-
due has a significant effect on the proteolytic processing and fusogenicity of MuV F and
might thereby determine the route of viral spread within infected tissues.

KEYWORDS fusion, mumps virus, viral entry

umps virus (MuV) belongs to the genus Orthorubulavirus within the family
Paramyxoviridae. Infection with MuV leads to the highly contagious disease
mumps that is generally associated with mild symptoms such as fever or headache as
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well as the characteristic uni- or bilateral parotitis; however, more severe complications
such as encephalitis, meningitis, or orchitis may occur (1-3).

MuVs are enveloped viruses with a nonsegmented, single-stranded negative-sensed
RNA genome that encodes seven structural and two nonstructural proteins (4, 5). The
viral entry process of MuVs comprises two steps: (i) the attachment of viruses to target
cells by the binding of the viral surface glycoprotein hemagglutinin-neuraminidase
(HN) to sialic acids present on cell surface macromolecules and (ii) the fusion between
viral and host cell membrane, enabling the release of the viral RNA genome into the
cytoplasm (6-8). Viral fusion is mediated by the fusion protein (F) that is expressed
within the envelope of virus particles. Besides mediating the fusion between cellular
and viral membranes, F induces the fusion between infected and neighboring cells,
resulting in the formation of multinucleated giant cells, so called syncytia, to enable a
rapid cell-to-cell virus spread (9, 10). MuV F is synthesized as the inactive nonfusogenic
precursor protein F, that has to be cleaved by host cell proteases resulting in the
fusogenic disulfide-linked F, and F, subunits (11). The multibasic cleavage motif
R-H-K-R |, F-A is highly conserved among all MuV strains and is most likely cleaved by
cellular furin (12), a subtilisin-like proprotein convertase mainly localized in the trans-
Golgi network (13-15). Recently, it has been proposed that not only the multibasic
cleavage motif but a total of 20 amino acid (aa) residues (P14 to P6’) comprising a core
region (P6 to P2’) that fits into the catalytic pocket of furin as well as two flanking
solvent accessible regions (P14 to P7 and P3’ to P6’) play an important role for the
accessibility of the proteolytic cleavage motif to the cellular protease furin (16, 17). In
addition to proteolytic activation, MuV F has to undergo conformational changes that
are induced by the interaction between MuV F and HN to expose the hydrophobic
fusion peptide present at the N terminus of the F, subunit toward the host cell
membrane (18); consequently, the expression of both surface glycoproteins is required
for viral fusion (19).

The ability to induce cell-to-cell fusion varies depending on the MuV strain. Fur-
thermore, it has been suggested that this fusogenicity might correlate with the
virulence, as most of the virulent strains show a strong fusion activity, whereas avirulent
strains show a reduced or no ability to induce syncytium formation (9, 10, 20-22). So
far, it is unclear why some MuV strains are highly fusion active whereas others are not.
Moreover, the mechanisms that contribute to the varied fusogenicity are not known. It
has been suggested that the cell-to-cell fusogenicity might negatively correlate with
the neuraminidase activity of the HN protein (20); furthermore, 3 aa residues (A91, S195,
and L383) within the F protein that modify the fusion activity have been identified
(23-26). However, these observations were obtained for particular MuV strains, and it
is not known whether they represent general features of MuV F fusogenicity that apply
to all MuV strains and variants.

Here, we focused on the core region (P6 to P2’; amino acid residues 97 to 104 of F)
and the flanking solvent accessible regions (P14 to P7; amino acid residues 89 to 96 of
F; P3’ to P6’; amino acid residues 105 to 108 of F) of the proteolytic cleavage motif of
MuV F. The entire motif is well conserved among all known MuV strains, with the
exception of the amino acid residue at position 8 (P8; amino acid residue 95 of F), where
either leucine (L), proline (P), serine (S), or threonine (T) are present. By the generation
and characterization of peptides, F proteins and recombinant MuVs in which the amino
acid residue at P8 has been modified, we were able to show that P8 has an effect on
the efficiency of the proteolytic cleavage of MuV F by the host cell protease furin and
modifies the fusogenicity of MuV F. Depending on the amino acid residue present at P8,
two different mechanisms of virus spread within infected cell layers have been ob-
served: (i) spread by cell-to-cell fusion between infected and neighboring cells and (ii)
spread by the release of viral particles from infected cells followed by fusion between
viral and cellular membranes.

Our observations provide novel insights into the differential fusogenicity of MuV
and might be useful for further studies focusing on the estimation of MuV virulence.
Studies aiming to identify virulence markers of MuV are very complex and might
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FIG 1 Homology of the proteolytic cleavage site of MuV F. (a) Schematic illustration of MuV F. F,, F,, F,/,
subunit; FP, fusion peptide; HRA, HRB, heptad repeat region A/B; TD, transmembrane domain; CD,
cytoplasmic domain. (b) Genotype-dependent consensus sequences of P14 to P6’ residues of MuV F. (c)
Frequencies of amino acid residues comprising P14 to P6’ of the proteolytic activation site based on the
genotype-dependent consensus sequences. Top numbers indicate the amino acid residue of MuV F.
Arrowheads indicate the proteolytic cleavage site.

include additional genes besides F. However, assuming a correlation between MuV
fusogenicity and virulence, the amino acid residue at P8 should be taken into account
when evaluating the virulence of circulating and emerging strains.

(Part of this work was performed by S. Huttl in partial fulfillment of the requirements
for a doctoral degree from the University of Veterinary Medicine Hannover, Germany.)

RESULTS

The amino acid residue at P8 of the furin motif varies depending on the MuV
genotype. The proteolytic cleavage of MuV F occurs directly upstream of the fusion
peptide at the N-terminal end of the F, subunit (Fig. 1a). Whereas the core of the furin
motif (P6 to P2’) and the flanking solvent-accessible region downstream of the cleav-
age site (P3’ to P6’) share a very high homology, the amino acid identity upstream of
the core region (P14 to P7) is less conserved (Fig. 1b; see also Data Set S1 in the
supplemental material). Especially, the amino acid residue at P8 (amino acid residue 95
of the F protein) shows a striking variability depending on the MuV strain and seems
to correlate with the genotypes of MuV as strains belonging to the same genotype—
based on the nucleotide sequence of the small hydrophobic proteins—harbor the
identical amino acid residue at P8 (Fig. 1b). A total of four different aa residues can be
observed for this position: P is present in the majority of the MuV strains (58.3%),
whereas a lower percentage of MuV strains harbors S (16.7%), L (16.7%), or T (8.3%) at
the respective position (Fig. 1c).
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FIG 2 MuV F-induced cell-to-cell fusion depending on the amino acid residue at P8. Vero76 cells were transfected for the coexpression
of 88-1961, Urabe AM9, and ZK-BN MuV F (P8-L/P/S/T) and HN. At 2 dpt, cells were fixed, and MuV F and HN were visualized by incubation
with antibodies directed against the HA (F) and FLAG (HN) epitopes and fluorochrome-labeled secondary antibodies. (a) The total numbers
of F-, HN-, and coexpressing cells were counted and are shown as means and standard deviations (SDs) from two independent
experiments. (b) Total and surface expression levels of MuV F were investigated by SDS-PAGE and Western blotting under reducing
conditions. F proteins were detected by incubation with antibodies directed against the HA epitope; B-catenin served as a loading control.
Arrow heads indicate F,. Molecular mass (kDa) is indicated on the left. Exposure times: B-catenin, 10s; MuV F (total), 1s; 88-1961 F
(surface), 10 s; Urabe AM9 F (surface), 45 s; ZK-BN F (surface), 45 s. (c) The total numbers of syncytia per coverslip were counted. Syncytia
were defined as multinucleated cells that harbored at least three nuclei and showed a positive fluorescence signal for the expression of
both MuV F and HN. The graphs show means and SDs from four independent experiments. Statistical significance between the modified
F proteins of each strain was tested for mock-treated cells by paired, two-tailed Student’s t test with 95% confidence intervals. *, P < 0.05;

**, P=0.01; ***, P < 0.005.

The ability of MuV F to induce cell-to-cell fusion depends on the amino acid
residue at P8. The fusogenicity of the F protein of three MuV strains (88-1961, ZK-BN,
and Urabe AM9) has been analyzed by determining the formation of syncytia following
coexpression of F and HN derived from the same strains. The F proteins of the highly
neurovirulent strain 88-1961 (genotype H) and the ZK-BN strain (unknown genotype)
that has been isolated from a hospitalized patient (27) harbor a P at P8, while the
vaccine strain Urabe AM9 (genotype B) has an S instead.

The numbers of F-, HN-, and coexpressing cells were comparable for each strain
regardless of the amino acid residue present at P8 (Fig. 2a). Furthermore, no differences
were obtained regarding total and surface expression levels of MuV F, as well as MuV
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TABLE 1 Syncytium formation in Vero76 cells following coexpression of MuV F and HN

No. of No. of nuclei Total no. of
F protein syncytia per syncytium nuclei in fusion
88-1961 F P8-L 65.3 4.1 269.3
88-1961 F P8-P 2233 5.1 1149.0
88-1961 F P8-S 119.0 4.4 520.0
88-1961 F P8-T 214.0 5.0 1085.3
Urabe AM9 F P8-L 8.8 33 28.8
Urabe AM9 F P8-P 17.3 3.5 60.3
Urabe AM9 F P8-S 13.5 4.5 60.0
Urabe AM9 F P8-T 16.5 3.5 57.6
ZK-BN F P8-L 32.8 3.7 122.5
ZK-BN F P8-P 79.5 4.4 350.0
ZK-BN F P8-S 59.0 3.8 225.8
ZK-BN F P8-T 75.8 4.0 348.75

aThe values are means from three independent experiments.

F cleavability (Fig. 2b). For each strain, the intensities of protein bands were similar for
all four F variants. All F proteins were detected as their cleaved F, subunit, the size of
which ranged from approximately 60 to 55 kDa, probably due to differences in their
glycosylation status. Besides the cleaved F, subunit, additional protein bands that
ranged between approximately 55 and 35 kDa and might either represent premature
products of F or fragments resulting from unspecific degradation were detected in cell
lysates but not for F expressed on the cell surface (Fig. 2b).

As expected, the fusogenicity differed among the strains analyzed: the highest
number of syncytia was obtained for 88-1961, whereas Urabe AM9 F showed the lowest
fusogenicity (Fig. 2c). Regardless of the strain-specific differences in the manifestation
of syncytia, a similar pattern was obtained for all three strains analyzed, The expression
of L at P8 led to a significantly reduced number of syncytia; in contrast to this, the
highest numbers and sizes of syncytia were obtained for F proteins harboring either P
or T at P8 (Table 1). The inhibition of the cellular protease furin by the inhibitor MI-1148
reduced the ability of all F proteins to mediate cell-to-cell fusion to similar degrees,
suggesting that the amino acid residue at P8 affects the fusogenicity of MuV F but not
its dependence on proteolytic activation by furin (Fig. 2c).

Proteolytic cleavage by furin is more efficient for peptides harboring P or T at
P8. After having shown that the fusogenicity is affected by the amino acid residue at
P8, we analyzed whether the kinetics of F proteolysis vary depending on P8. Peptides
consisting of the donor-quencher pair Edans/Dabcyl and the amino acid residues
corresponding to P8 to P1’ of the MuV F cleavage site (Fig. 3a) were incubated with 10
nM recombinant furin. The cleavage of peptides harboring L or S at P8 occurred slower
than that of peptides harboring P and T at P8, as indicated by a lower slope of their
progress curves (Fig. 3b). For all peptides, maximal relative fluorescence unit (RFU)
values were determined after approximately 60 min. Prolonged incubation periods
resulted in a plateau phase followed by a decreased fluorescence signal, probably due
to the consumption of furin and photobleaching of the fluorophore Edans, respectively.
To investigate whether a higher furin concentration provides more-efficient cleavage,
all peptides were also incubated with 20 nM furin. The incubation with the enhanced
furin concentration resulted in an increased conversion of the peptides. As a result of
the lower cleavage rate of P8-L and P8-S, these peptides still displayed significantly
lower RFU values than P8-P and P8-T (Fig. 3c).

The ability to mediate cell-to-cell fusion does not correlate with the efficiency
of virus-induced fusion between viral and cellular membranes. To investigate the
F-mediated fusion between viral and cellular membranes, viral pseudotypes bearing
the MuV F and HN glycoproteins were generated and the transduction of Vero76 cells
was analyzed. The total yield of Vesicular stomatitis virus (VSV) pseudotype particles
(VSVpp) harboring viral glycoproteins of Urabe AM9 was very low; therefore, Urabe
AM?9 pseudotypes were concentrated by centrifugation before they were subjected
to Western blotting and transduction studies.
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FIG 3 Efficiency of proteolytic cleavage by furin. (a) Schematic illustration of FRET peptides before and after proteolysis by
furin. (b) FRET peptides were incubated without (mock) or with 10 nM furin. Assay buffer harboring no peptide was used
as a control. Proteolytic cleavage was quantified by measuring the fluorescence signal using an excitation wavelength of
340 nm and an emission wavelength of 535 nm and is given as relative fluorescence units (RFU). The graphs show means
and SDs from three independent trials. (c) FRET peptides were incubated with 20 nM furin, and the cleavage efficiency was
determined by measuring the fluorescence signal using an excitation wavelength of 340 nm and an emission wavelength
of 535 nm. The graph shows means and SDs from three independent experiments. Statistical significance was tested by
paired, two-tailed Student’s t test with 95% confidence intervals. *, P =< 0.05; **, P < 0.01; ***, P < 0.005.

The incorporation of MuV F into VSVpp was analyzed by Western blotting to ensure
that similar amounts of surface-expressed MuV F P8-L, -P, -S, and -T were incorporated
into the pseudoviral particles. For each strain, the quantity of VSVpp shown by the
detection of VSV N and the amount of incorporated F proteins were similar regardless
of the amino acid residue present at P8, as indicated by the comparable intensities of
protein bands (Fig. 4a). No differences were obtained regarding the cleavability when
comparing the four variants for each strain. For all strains, F was mainly detected as the
cleaved F, subunit at a molecular weight of approximately 55 to 50 kDa. The molecular
weight of 88-1961 F was slightly higher than those of ZK-BN and Urabe AM9 F, probably
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FIG 4 MuV F-mediated entry. (a) Lysates of purified VSV pseudotypes harboring MuV F and HN
glycoproteins were subjected to SDS-PAGE and Western blotting under reducing conditions. F proteins
were detected by incubation with antibodies directed against the cytoplasmic tail of MuV F; VSV-N
served as a loading control. Arrow heads indicate F,. Molecular mass (kDa) is indicated on the left.
Exposure times: 88-1961 MuV F, 20's; 88-1961 VSV-N, 2's; Urabe AM9 MuV F, 5s; Urabe AM9 VSV N, 1s;
ZK-BN MuV F, 90 s; ZK-BN VSV N, 3's. (b) Vero76 cells were inoculated with VSV pseudotypes harboring
no viral glycoprotein (pCG1) or MuV HN and F variants as indicated. At 16 h postinoculation, F- and
HN-driven entry was quantified by measuring the luciferase activity in cell lysates and is given as x-fold
transduction over background. The graphs show means and SDs from four independent experiments.
Statistical significance was tested by paired, two-tailed Student’s t test with 95% confidence intervals. *,
P =0.05; **, P < 0.01. (c) Internalization of r88. Cells were inoculated with r88 P8-L/P/S/T at an MOI of 0.5.
Viral internalization was quantified by qRT-PCR and is given as MuV GE/u.g total RNA. The graph shows
means and SDs from four independent experiments. Statistical significance was tested by paired,
two-tailed Student’s t test with 95% confidence intervals. *, P < 0.05; **, P < 0.01.

due to differences in the glycosylation status. For the F proteins of the 88-1961 strain,
multiple protein bands with a molecular weight ranging from approximately 50 to
30 kDa were additionally detected and might represent either premature products of F
or protein fragments that occurred due to the sample preparation. The F/HN-driven
entry of VSVpp varied depending on P8 and was contrariwise to the results obtained for
the cell-to-cell fusion. For all strains, weak transduction levels were obtained for F P8-P,
although this variant is highly efficient in inducing cell-to-cell fusion and exhibits the
fastest proteolytic conversion rate for furin (Fig. 4b). In contrast, more-efficient entry of
VSVpp was mediated by F P8-S—a protein that is cleaved much more slowly than F
P8-P and induces less syncytium formation following overexpression. For VSVpp har-
boring glycoproteins of 88-1961 or Urabe AM9, P8-L and P8-T displayed similar inter-
mediate values. In the case of ZK-BN, P8-T showed low transduction levels, whereas the
highest transduction level was obtained for P8-L.

To investigate the effect of P8 in the context of MuV virions, internalization assays
were performed using a recombinant variant of the 88-1961 MuV strain harboring
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the respective amino acid residues at P8 (r88 P8-L, -P, -S, and -T), and viral entry was
quantified by measuring the number of genome equivalents (GE) via reverse
transcription-quantitative PCR (qRT-PCR). Consistent with the results obtained by the
transduction experiments, the highest number of internalized MuV particles was ob-
served for r88 P8-S (44,593.2 GE/ug total RNA), whereas r88 P8-P displayed the lowest
(6,338.7 GE/ung total RNA) (Fig. 4c).

P8-L and P8-S reduce virus-induced cytopathic effects. To investigate the impact
of the amino acid residue at P8 on viral replication, the release and spread of wild-type
(wt; r88 P8-P) and modified versions of r88 in which the amino acid residue at P8 has
been altered to L, S, or T were analyzed. For all recombinant MuVs, the expression levels
of the respective F proteins were comparable. In line with the results observed for MuV
F incorporation into VSVpp, all r88 F proteins were detected as their cleaved F, subunit
at a molecular weight of approximately 60 kDa regardless of the amino acid residue at
P8 (Fig. 5a). For all viruses, only single infected cells were detected at 1 day postinfec-
tion (dpi) (Fig. 5b). At 2 dpi, infection by r88 P8-P, P8-S, and P8-T was widespread,
whereas r88 P8-L showed restricted spread in small foci. Syncytia were detected for
all four viruses but were less prominent for r88 P8-L. The infection with r88 P8-T
resulted in the detachment of infected cells and vacuolization of virus-induced
syncytia at 2 dpi. In accordance with the data obtained for the coexpression of
88-1961 F and HN, r88 P8-P and r88 P8-T exhibited increased fusogenicity compared
to that of r88 P8-L and r88 P8-S, as indicated by the higher number and size of
syncytia (Fig. 5¢; Table 2). Consistent with the results obtained by the microscopic
evaluation of virus-induced cytopathic effects (CPEs), the viability of cells infected
with r88 P8-P or r88 P8-T decreased significantly at 2 dpi, whereas no or only a
minor negative effect on cell viability was observed for r88 P8-L and r88 P8-S,
respectively (Fig. 5d).

When focusing on the release of viral particles from infected cells, r88 P8-P and P8-L
showed similar growth kinetics, although the number of infected cells was lower for r88
P8-L. Peak titers of 4.4 X 105 PFU/ml (r88 P8-P) and 4.7 X 10 PFU/ml (r88 P8-L) were
reached at 3 dpi (Fig. 6a). r88 P8-S displayed similar titers at 1 and 2 dpi, followed by
approximately 10-fold lower titers during the remaining days. Viral titers of r88 P8-T
were constantly lower than r88 P8-P and r88 P8-L, probably as a consequence of the
severe virus-induced CPEs and the resulting apoptosis and detachment of cells. In
addition to determining the titers of released viral particles, the intracellular viral titers
of infected cells were investigated. At 1 dpi, intracellular titers of r88 P8-P and r88 P8-T
were comparable to the released viral titers obtained for the same viruses, whereas the
intracellular titers of r88 P8-L and r88 P8-S were slightly lower than the titers of released
viral particles (Fig. 6b). This effect was even more prominent at 2 dpi: the titers for
cell-free viruses were approximately 23-fold higher than the intracellular titers for r88
P8-L and r88 P8-S. In comparison, intracellular titers for r88 P8-P and r88 P8-T were only
5.4- and 3.1-fold lower than the titers for cell-free viruses.

Proteolytic activation of MuV F depends on processing by the cellular protease
furin. It was previously shown that the inhibition of the host cell protease furin leads
to decreased MuV titers (28). To analyze whether the amino acid residue at P8 affects
the dependence of MuV F proteolysis on the cellular protease furin in a viral context,
viral release of r88 P8-L/P/S/T was compared in the presence and absence of the furin
inhibitor MI-1148. Regardless of the amino acid residue present at P8, the inhibition of
furin reduced the viral titers to 4 X 10" to 2.5 X 102 PFU/ml (Fig. 6¢), indicating that the
proteolytic processing of MuV F critically depends on cleavage by furin irrespective of
the amino acid residue at P8.

DISCUSSION

MuV infections lead to the highly infectious disease mumps that is characterized by
the typical parotitis and mild flu-like symptoms (1). In some cases, severe complications,
including pancreatitis, orchitis, or myocarditis, may occur (1, 29, 30). Clinical MuV
isolates have a differently pronounced neurovirulent potential, and the central nervous
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FIG 5 Virus-induced cytopathic effects. (a) Expression and cleavage of r88 F. Lysates of purified r88 were
separated by SDS-PAGE under reducing conditions. F proteins were detected by incubation with
antibodies directed against the cytoplasmic tail of MuV F and HRP-conjugated anti-rabbit antibodies.
Exposure time: 50 s. Molecular mass (kDa) is indicated on the left. (b) Spread of infection in Vero76 cells.
Cells were fixed at 1 and 2 dpi. MuV-infected cells were detected by incubation with an antiserum
directed against MuV Kilham strain and Alexa Fluor 594-conjugated secondary antibodies. Nuclei were
stained with DAPI. Scale bar, 25 um. (c) Virus-induced syncytium formation at 1 dpi. The total numbers
of syncytia per coverslip were counted. Syncytia were defined as multinucleated cells that harbored at
least three nuclei and showed a positive fluorescence signal for viral proteins of r88. The graph shows
means and SDs from three independent experiments. Statistical significance was tested by paired,
two-tailed Student’s t test with 95% confidence intervals. *, P< 0.05. (d) Virus-induced cytopathic effect.
Cells were infected with r88 P8-L/P/S/T, and cellular ATP was measured at 1 hpi and 1, 2, and 3 dpi.
Uninfected cells served as a control. The graph shows means and SD of three independent experiments.
Statistical significance compared to mock-infected control was tested by two-way analysis of variance
(ANOVA) and Bonferroni posttests. *, P < 0.05; ***, P < 0.005.

system (CNS) is involved in half of all cases (30-32). In rare cases, the CNS involvement
can even result in lethal meningitis, encephalitis, or hydrocephalus formation (2, 3).
MuV strains and isolates differ in their ability to mediate cell-to-cell fusion, and a
correlation between virulence and fusogenicity has been suggested (9, 20, 21, 33-35).

TABLE 2 Syncytium formation in Vero76 cells following infection with r88 at 1 dpi®

Virus No. of syncytia No. of nuclei per syncytium Total no. of nuclei in fusion
r88 P8-L 377 9.9 370

r88 P8-P 59.3 13.6 721.3

r88 P8-S 30.6 12.1 420.3

r88 P8-T 50.7 16.2 818.7

aThe values are means from three independent experiments.
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FIG 6 Replication of MuV 88-1961 harboring L, P, S, or T at P8. (a) Multistep viral growth kinetics in
Vero76 cells. Cells were infected at an MOI of 0.01, and supernatants were collected at the indicated time
points. Viral titers were determined by titration on Vero76 cells and are given as PFU per milliliter. The
graph shows means and SDs from three independent experiments. The dashed line indicates the limit
of detection. (b) Intracellular viral titers of infected Vero76 cells. Cells were infected at an MOI of 0.01.
Intracellular viruses were released by freeze-thaw treatment at 1 and 2 dpi. Intracellular titers and titers
of released viral particles were determined by titration on Vero76 cells and are given as PFU per milliliter.
The graph shows means and SDs from three independent experiments. Numbers indicate the multiplicity
of released viral titers compared to intracellular titers. (c) Vero76 cells were infected with r88 P8-L/P/S/T
at an MOI of 0.01 in the absence (mock) or presence of 10 uM furin inhibitor MI-1148. Viral titers were
determined at 2 dpi by titration on Vero76 cells. The graph shows means and SDs from three
independent experiments.

So far, the reasons for the differential fusogenicity and the importance for MuV
pathogenesis are unclear.

The proteolytic activation of MuV F by the subtilisin-like proprotein convertase furin
is essential for the priming of the fusion-inactive F, precursor protein and occurs at a
multibasic cleavage motif (R-R-H-K-R) (12). Recently, it was suggested that not only the
narrow cleavage motif but a total of 20 aa residues may play an important role for the
accessibility of the proteolytic cleavage motif by furin (36).

Here, we focused on the amino acid residue present at P8 of the cleavage motif of
MuV F proteins, given that a total of four different residues (L, P, S, and T) can be found
at this position depending on the MuV genotype. We demonstrate that the amino acid
residue at P8 affects the kinetics of MuV F proteolysis by furin and modulates the extent
of F-induced cell-to-cell fusion and virus-induced CPE development. The cleavage rate
as well as the ability to mediate cell-to-cell fusion decreases when L or S is present at
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P8, suggesting that the impaired fusogenicity is a result of the delayed F activation.
Previous studies strengthen our observation that the extent of F-induced cell-to-cell
fusion is affected by the amino acid residue at P8. The Jeryl Lynn vaccine strain
(genotype A, P8-L) exhibits only weak fusogenic properties and is not associated with
neurological disease; similarly, the avirulent RW strain (genotype D, P8-L) does not
cause obvious cytopathic effects, and the Enders and SBL strains (both genotype A,
P8-L) have no neurovirulence potential (20, 37). The vaccine strains Leningrad-3 and
Leningrad-Zagreb (genotype N, P8-P) that have led to neurological complications in the
past as well as most of the currently circulating MuV strains, including the highly
neurovirulent strain 88-1961, harbor a P at P8 (38-40).

The longest substrate analogue inhibitor used for crystallization and structure
determination in complex with furin comprises only the P6 to P1 segment (41). So far,
no information regarding the exact position of the P8 residue in furin substrates is
available. Although the P8 residue should be located outside the active site, it might
have an influence on the efficiency of proteolytic cleavage by furin (36). However,
crystal structures of uncleaved F, proteins are needed to reveal the influence of P8
modifications on the binding of MuV F to furin. The generation of MuV F crystals in
complex with furin is challenging, and so far, there is only information about the crystal
structure of the MuV F core region (heptad-repeat regions HRA and HRB) available (42,
43). Nevertheless, it has been reported that the amino acid residue present at P12
affects viral fusogenicity and neurovirulence, emphasizing the importance of the
cleavage motif for MuV infectivity and virulence (24).

Furin undergoes cellular trafficking and is transported from the trans-Golgi network
(TGN) to the cell surface and back to the TGN via the endosomal pathway (44, 45). It is
known that cell surface furin activates various bacterial and viral pathogens, including
Bacillus anthracis toxin, Clostridium septicum toxin, certain hemagglutinins of highly
pathogenic avian influenza viruses, Dengue virus prM, and human papillomavirus
minor capsid protein L2 (15, 46-51). The cleavage of MuV F by furin mainly occurs
during its maturation in the TGN within the infected cell (12-15). For MuV F P8-P and
P8-T, fast proteolytic cleavage might result in the expression of cleaved F proteins on
the surface of transfected or infected cells, thus enabling a direct fusion with neigh-
boring cells. Vice versa, the slower and therefore less efficient intracellular cleavage of
MuV F P8-L and P8-S leads to a larger proportion of uncleaved F proteins on the cell
surface, prohibiting the subsequent cell-to-cell fusion. Given that these viruses are still
able to mediate fusion with the plasma membrane, it is very likely that uncleaved MuV
F P8-L and P8-S proteins are proteolytically activated by cell surface furin during the
entry process into new target cells. Consequently, the proteolytic activation on the cell
surface allows F-mediated fusion between viral and cellular membranes and spread of
infection without inducing severe cytopathic effects such as the formation of syncytia.
However, the cleavage of MuV F P8-L and P8-S on the surface of transfected cells does
not allow the induction of F-mediated cell-to-cell fusion comparable to that of MuV F
P8-P and P8-T. Further, viral entry—specifically, the fusion between viral and host cell
membranes—is more efficient for F P8-L or P8-S, suggesting that cell-to-cell and
virus-cell fusion might require different conditions. The presence of L or S at P8 might
provide conditions that are beneficial for virus-cell fusion, whereas for P or T, cell-to-cell
fusion is more efficient. This assumption is encouraged by the observation that MuVs
harboring P8-L or P8-S yield higher titers of cell-free virus than intracellular virus. It was
previously shown for several viruses, including mouse hepatitis coronavirus, Sendai
virus, herpesviruses, and human immunodeficiency virus type 1, that virus-induced
fusion between neighboring cells or between viruses and cells seems to represent two
unequal processes with different requirements, although the underlaying mechanisms
are not fully understood (52-57).

In sum, our findings demonstrate that one single amino acid residue close to the
cleavage motif of MuV F affects the proteolytic processing as well as the extent and
type of F-induced fusion (cell-to-cell versus virus-cell). The way of spread plays an
important role for virulence. Although cell-free spread enables a rapid distribution
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through body fluids within the infected organism, free viral particles are exposed to
various barriers of infection such as components of the hosts’ innate immune defense,
macrophages, or physical barriers, e.g., the blood-brain barrier. In contrast to this,
cell-to-cell spread allows direct infection of neighboring cells and bypassing of the
barriers mentioned before (58-62). Also, it has been assumed that the ability of MuV to
mediate cell-to-cell fusion correlates with virulence, and the majority of highly virulent
field isolates are highly fusogenic in vitro (9, 20, 21, 33-35). As P8 plays an important
role for virus-induced fusogenicity and spread of infection, the amino acid residue at
this particular position might be used as a virulence marker to predict the virulence of
newly arising strains.

MATERIALS AND METHODS

Sequence homology analysis. A total of 201 full-length MuV genomes were used for sequence
analysis. The amino acid sequences of the F proteins were aligned, and consensus sequences for each
genotype as classified by the nucleotide sequence of the SH proteins were generated using the BioEdit
sequence alignment editor. Information on the MuV strains used for sequence analysis and an overview
of the proteolytic cleavage motif of each strain are given in Data Set S1 in the supplemental material.

Cell lines. Vero76 (African green monkey, kidney) and HEK-293T (human, kidney, ATCC: CRL-3216)
cells were maintained in Dulbecco’s minimum essential medium (DMEM; GIBCO) supplemented with 5%
fetal calf serum (FCS; Sigma-Aldrich). BSR-T7/5 cells (BHK-21 cell clone constitutively expressing T7 RNA
polymerase) (63) were maintained in DMEM supplemented with 10% FCS, 2% nonessential amino acids
(Thermo Fisher Scientific), and 1 mg/ml Geneticin (Thermo Fisher Scientific). All cells were cultivated in
75-cm? tissue culture flasks (Greiner Bio-One) at 37°C and 5% CO.,.

Expression plasmids. Expression plasmids coding for the wild-type (wt) F and HN proteins of the
human MuV strains MuVi/1961.USA/0.88[H] (88-1961; GenBank accession number AF467767.2) (40),
Urabe AM9 (GenBank accession number FJ3757185.1) (64), and ZK-BN/H-0001 (ZK-BN; GenBank acces-
sion numbers KM519599 [F] and KM519600 [HN]) (27) were generated by cloning the respective open
reading frame (ORF) into the expression vector pCG1 (65) using BamHI and Sall restriction sites. For
detection by immunostaining, all F proteins were fused to a C-terminal hemagglutinin (HA) epitope
(YPYDVPDYA), whereas the HN proteins were fused to a FLAG epitope (DYKDDDDK) at the C-terminal
end. In addition, plasmids coding for F proteins in which the amino acid residue at position 95 was
modified by site-directed mutagenesis were generated: 88-1968 F P8-L/S/T, Urabe AM9 F P8-L/P/T, and
ZK-BN F P8-L/S/T.

In addition, cDNA plasmids harboring the full-length cDNA of human MuV 88-1961 in which the
nucleotides coding for the amino acid residue at position 95 of the F protein were altered by site-directed
mutagenesis were generated and cloned into the expression vector pBlueScript Il SK(+). The following
nucleotides were exchanged: C4829 to T (r88 P8-L), C4828 to T (r88 P8-S), and C4828 to A (r88 P8-T).
Plasmids expressing the 88-1961 N, P, and L gene products had already been generated and were
described in previous studies (23, 66). All plasmids were verified by automated sequencing (Eurofins
Genomics GmbH).

Rescue of recombinant viruses. The rescue of recombinant MuVs was performed as described
recently (28, 66). Briefly, BSR-T7/5 cells (63) were transfected with full-length MuV 88-1961 cDNA plasmids
and the corresponding helper plasmids N, P, and L. Virus-containing BSR-T7/5 supernatants were
collected as a widespread cytopathic effect (CPE) occurred and subsequently loaded onto Vero76 cells
for further propagation. Depending on the occurrence of syncytia and/or a widespread CPE, supernatants
were collected, centrifuged at 2,100 rpm and 4°C for 10 min, and stored at —80°C. Viral RNA was
extracted from Vero76 cell culture supernatants using the QIAMP MinElute Virus Spin kit (Qiagen),
followed by reverse transcriptase PCR using random primers and SuperScript Il reverse transcriptase (Life
Technologies). cDNA fragments were amplified and verified by automated sequencing (Eurofins Genom-
ics GmbH) to exclude any spontaneous mutations during the rescue process.

Fusion assay and immunofluorescence microscopy. Cells were seeded on coverslips and trans-
fected with 1 ug of expression plasmids coding for wild-type MuV F (88-1961 F P8-P, Urabe AM9 P8-S,
and ZK-BN P8-P) or MuV F in which the amino acid residue at P8 had been altered (88-1961 F P8-L/S/T,
Urabe AM9 F P8-L/P/T, and ZK-BN F P8-L/S/T) and 1 ug of expression plasmids coding for the corre-
sponding MuV HN using the ICAFectin 441 transfection reagent (In-Cell-Art) according to the manufac-
turer’s protocol. At 1 day posttransfection (dpt), cells were fixed with 4% paraformaldehyde (PFA) and
permeabilized with 0.2% Triton X-100 (Sigma-Aldrich). Epitope-labeled F and HN proteins were detected
by incubation with antibodies directed against the HA (dilution, 1:500; mouse [Sigma-Aldrich]) or FLAG
(dilution, 1:500; rabbit [Sigma-Aldrich]) epitope in a humidity chamber for 1 h. For visualization,
incubation with Alexa Fluor 594-/488-conjugated secondary antibodies (dilution, 1:1,000; Life Technol-
ogies) directed against mouse or rabbit primary antibodies was performed in a humidity chamber for
30 min. Finally, nuclei were visualized by incubation with 4',6-diamidino-2-phenylindole (DAPI; Carl Roth
GmbH + Co. KG), and coverslips were mounted in ProLong Gold antifade mountant (Thermo Fisher
Scientific). Cells were analyzed for the presence of syncytia using a Nikon Eclipse Ti microscope and the
NIS Elements AR imaging software (Nikon Instruments). Syncytia were defined as multinucleated cells
that harbored at least three nuclei and were positive for the expression of both MuV glycoproteins. The
total number of syncytia per coverslip and the number of nuclei in each syncytium were counted to
calculate the cumulative number of nuclei in syncytia per coverslip.
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VSV pseudotypes. A replication-deficient Vesicular stomatitis virus (VSV) vector that codes for an
enhanced green fluorescent protein (eGFP) and a firefly luciferase instead of the VSV glycoprotein G
(VSV*AG-fLuc) was employed for the generation of rhabdoviral pseudotypes as previously described
(67-69). Briefly, HEK-293T cells were grown in 6-well plates and transfected with expression plasmids
encoding no viral glycoprotein (pCG1, negative control), VSV G (positive control), or MuV F+HN by
calcium-phosphate precipitation. At 16 h posttransfection (hpt), cells were inoculated with VSV*AG-fLuc
for 1 h at 37°C, washed with phosphate-buffered saline (PBS) three times, and incubated with anti-VSV
antibody containing cell culture supernatants of 11 hybridoma cells (ATCC CRL-2700) (70). At 1 day
postinoculation, supernatants were collected, centrifuged to remove cell debris, and further used for
SDS-PAGE and Western blotting or the transduction of Vero76 cells. For transduction, Vero76 cells were
seeded in clear 96-well plates. After reaching confluence, cells were inoculated with VSV pseudotypes
(VSVpp) for 16 h at 37°C. VSVpp harboring Urabe AM9 F and HN glycoproteins were generated in 75-cm?
cell culture flasks and 10-fold concentrated by centrifugation through Vivaspin centrifugation filters with
a cutoff of 35kDa (Sartorius). To quantify the transduction efficiency of VSVpp harboring MuV glyco-
proteins, cells were lysed by incubation with cell culture lysis reagent (Promega) for 30 min at room
temperature and transferred into white 96-well plates. Luciferase activity was measured using the
Beetle-Juice kit (PJK GmbH) and a GENios pro chemiluminometer (Tecan) according to the manufactur-
er's protocols.

Viral growth kinetics and titration. Vero76 cells were grown in 24-well plates until reaching
confluence and infected with recombinant human MuV strain 88-1961 (r88) as well as modified viral
clones in which the amino acid residue at position 95 within the F protein has been modified (r88
P8-L/S/T) at a multiplicity of infection (MOI) of 0.01 for 1 h at 37°C. The inoculum was removed, and cells
were washed with PBS three times before 1.25 ml of cell culture medium was added to the cells. One
hundred twenty-five microliters of the supernatants were collected at 1, 3, 6, 9, and 12 h postinfection
(hpi) as well as 1 to 5 dpi and immediately stored at —80°C until further usage. The removed
supernatants were replaced by the same volumes of fresh cell culture medium. To determine viral titers,
Vero76 cells were grown in 12-well plates until reaching confluence. Cells were infected with 10-fold
serial dilutions of virus-containing supernatants for 1 h at 37°C. The inoculum was removed, and cells
were washed with PBS and finally overlaid with 1% plaque agarose (Biozym Scientific GmbH) solved in
Eagle’s minimal essential medium without phenol red (Lonza) supplemented with 5% FCS. Cells were
fixed with 4% PFA overnight after virus-induced plaques occurred. The agarose was removed, and cells
were incubated with 0.1% crystal violet (Merck KGaA) diluted in Aqua Bidest at room temperature for
10 min. Cells were washed, and viral titers were determined by counting the number of virus-induced
plagues in each well and multiplying it with the reciprocal of the dilution factor and the volume used for
infection. Viral titers are given in PFU per milliliter.

To determine intracellular viral titers, infected cells were stored on ice and washed three times with
ice-cold PBS. Next, cells were removed from the well plates by using a cell scraper and transferred into
reaction tubes. Cells were washed by centrifugation at 2,400 rpm and 4°C for 10 min, the supernatants
were removed, and the cell pellets were resuspended in ice-cold PBS. After three washing steps, cells
were resuspended in 100 ul PBS and frozen at —80°C overnight. The next day, cells were thawed and
centrifuged at 2,400 rpm and 4°C for 10 min. The supernatants were collected, filtrated (pore size,
0.2 um), and used for plaque assay as described above to determine the intracellular viral titer.

In addition, cells were grown on coverslips and infected as described above. At 1 and 2 dpi, cells were
fixed and permeabilized, and viral proteins were detected by incubation with neutralizing antibodies
directed against MuV Kilham strain (dilution, 1:500; rabbit) (71), followed by incubation with Alexa Fluor
594-conjugated secondary antibodies directed against rabbit I1gG (dilution, 1:1,000; Life Technologies).
Cells were analyzed for the presence of syncytia by using a Nikon Eclipse Ti microscope and the NIS
Elements AR imaging software (Nikon Instruments). Syncytia were defined as multinucleated cells that
harbored at least three nuclei and were positive for the presence of viral proteins of r88. The total
number of syncytia per coverslip and the number of nuclei in each syncytium were counted to calculate
the cumulative number of nuclei in syncytia per coverslip.

Viral toxicity assay. Virus-induced cell damage was determined by measuring cellular ATP of
infected cells using the Viral ToxGlo kit (Promega). Cells were seeded in white 96-well plates until
reaching confluence. Next, cells were infected with r88 P8-L/P/S/T at an MOI of 0.1 for 1 h at 37°C.
Uninfected cells served as a control for maximal vitality. At 1 hpi and 1 to 3 dpi, 100 ul of the ATP
detection reagent was added. Next, the plate was shaken for 2 min and further incubated for 10 min at
room temperature followed by measuring the luminescent signal using a GENios pro chemiluminometer
(Tecan).

Internalization assay and qPCR. Vero76 cells were inoculated with r88 P8-L/P/S/T at an MOI of 0.5
and incubated for 1 h at 4°C. The inoculum was removed, and cells were washed three times with PBS.
Cells were further incubated in DMEM for 90 min at 37°C. DMEM was removed, and cells were washed
three times with PBS, followed by an incubation with trypsin until cells detached. Trypsinization was
stopped by adding FCS. Next, cells were transferred into reaction tubes and collected by centrifugation
at 600 X g for 10 min at room temperature. Supernatants were removed, and the cell pellets were
resuspended in PBS, followed by an additional centrifugation step. Cell pellets were further used for RNA
extraction using TRIzol reagent (Thermo Fisher Scientific). Reverse transcriptase PCR was performed using
random primers and SuperScript Il reverse transcriptase (Thermo Fisher Scientific). cDNA was subjected
to qPCR using SYBR green master mix (Thermo Fisher Scientific) and primers targeting r88 L (forward,
TGCTTCCTAACAACCGACCT; reverse, GAGGGTTGAAGGGATCACCA). Cycle threshold (C;) values of r88
were normalized to total RNA. Dilution series of the expression plasmid pBlueScript Il SK(+) containing
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the full-length cDNA of r88 were used as standards to calculate the amount of genomic equivalents (GE)
based on the C; values.

Inhibition of cellular furin. Cells were incubated with 10 uM furin inhibitor MI-1148 (4-
guanidinomethyl-phenylacetyl-Arg-tert.Leu-Arg-4-amidinobenzylamide) (72) for 3 h prior transfection or
infection. Next, transfection or infection was performed as described before. Cells were washed and
further incubated with cell culture medium containing 10 wM MI-1148 for 1 (transfection) or 2 (infection)
days. Cells were further subjected to immunofluorescence analysis, and viral titers were determined by
titration on Vero76 cells.

SDS-PAGE and Western blotting. Cell culture supernatants containing VSVpp or r88 were loaded
onto a 20% sucrose cushion in PBS and centrifuged at 17,000 X g for 2 h at 4°C. The pellets were
resuspended in 2X SDS-containing lysis buffer supplemented with B-mercaptoethanol. Samples were
heated for 10 min at 96°C before the lysates were loaded onto SDS gels (10% SDS) for SDS-PAGE and
Western blotting.

Transfected cells were washed with ice-cold PBS and incubated with 0.5 mg/ml LC biotin (Thermo
Fisher Scientific) for 15 min at 4°C. Next, cells were washed with PBS-0.1 M glycine and further incubated
for 15 min at 4°C. Cells were rinsed from the bottom of the plates, transferred into reaction tubes, and
centrifuged. The cell pellet was resuspended in PBS, and cells were homogenized by centrifugation
through a QlAshredder column (Qiagen) for 1 min at 13,000 rpm two times. Samples were either mixed
with 2X SDS buffer supplemented with B-mercaptoethanol to detect total amounts of MuV F or loaded
onto streptavidin-agarose (Pierce) and incubated overnight on an overhead shaker. Agarose-bound
samples were centrifuged for 5min at 13,000 rpm at 4°C, the supernatants were removed, and the
proteins were washed with PBS. This washing step was repeated three times before the samples were
mix with 2X SDS buffer supplemented with B-mercaptoethanol. Samples derived from transfected cells
were incubated at 56°C for 5 min before they were loaded onto SDS gels.

MuV F proteins incorporated into VSVpp or r88 were detected by incubation with antibodies directed
against the cytoplasmic tail of MuV F (dilution, 1:500; rabbit) (27) followed by incubation with horseradish
peroxidase (HRP)-conjugated secondary antibodies (dilution, 1,1000; Dako GmbH). VSV nucleoprotein (N)
was detected by anti-VSV N antibodies (dilution, 1:250; rabbit) and HRP-conjugated secondary antibodies
(dilution, 1:1,000; Dako GmbH). To detect F proteins expressed in transfected cells, membranes were
incubated with antibodies directed against the HA epitope (dilution, 1:1,000; rabbit [Sigma-Aldrich])
followed by incubation with anti-rabbit HRP-conjugated secondary antibodies. B-Catenin was detected
by anti-B-catenin antibodies (dilution, 1:1,000; mouse [Abcam]) and HRP-conjugated secondary antibod-
ies (dilution, 1:1,000; Dako). For the visualization of protein bands, membranes containing the immobi-
lized proteins were incubated with SuperSignal West Dura extended duration substrate (Thermo Fisher
Scientific), placed in a ChemiDoc imager, and analyzed with the Image Lab software (Bio-Rad).

Fluorescence resonance energy transfer assay. To determine whether the amino acid residue at
P8 has an influence on the proteolytic cleavage by the host cell protease furin, peptides corresponding
to the amino acid residues P8 to P1’ were flanked by the donor-quencher pair Edans-Dabcyl (Peptides
& Elephants GmbH) and subjected to a fluorescence resonance energy transfer (FRET) assay (Fig. 3a).
Proteolytic cleavage of peptides was measured in black 96-well plates at room temperature by a GENios
pro chemiluminometer (Tecan). Each well contained 190 ul of assay buffer (50 nM HEPES, 154 nM NaCl,
2mM CaCl,, 2% ethanol, pH 7.4), 20 uM substrate, and 10 or 20 nM recombinant human furin (R&D
Systems). Proteolytic cleavage was quantified by measuring the fluorescence signal of the donor-
quencher pair every 5 min for a total timespan of 1 h using an excitation wavelength of 340 nm and an
emission wavelength of 535 nm. Wells containing only buffer or buffer with substrate/enzyme alone
served as controls to define the background signal.

Statistical analysis. To determine statistical significance, paired, two-tailed Student’s t tests were
used for combined data from multiple experiments. Statistical analysis was performed using GraphPad
Prism 5.03 software. Statistical details of each experiment can be found in the corresponding figure
legend.
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